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Currently, graphene nanosheets (GNS) and molybdenum disulfide (MoS;) are two most popular 2D
layered materials in electrochemical applications due to their excellent physico-chemical properties.
Herein, we have developed a facile method to prepare a ternary nanocomposite composed of graphene,
(MoS,and gold nanoparticles (AuNPs) and described its electrochemical sensing applicability in the
determination of folic acid (FA). The morphological, elemental, impedance and electrochemical
attributes of the GNS-MoS,—-AuNPs ternary nanocomposite are studied in detail. Next, GNS-MoS,—
AUNPs is deposited on screen printed electrode (SPCE) and applied for the electrochemical sensing of
folic acid. Interestingly, the composite has excellent electrocatalytic ability to folic acid due to good
synergic effect between GNS, MoS, and AuNPs. The developed sensor detects FA in wide linear range
of 50 nM-1150 uM and displays low detection limit of 38.5 nM. The sensor performance of the GNS—
MoS,—AuNPs is either superior or comparable to the previously reported electrodes. Moreover, the
electrode has good repeatability, reproducibility and stability. The practical applicability of the
electrode is demonstrated in human urine samples and the results have shown good recovery.

Keywords: Two dimensional layered materials; metal dichalcogenides; vitamins; nanotechnology;
physical chemistry; catalysis; Analytical chemistry; Food science; carbon nanotubes

1. INTRODUCTION

For past years, graphene nanosheets (GNS), a planar two dimensional (2D) allotrope of carbon
is revolutionizing the entire research community due to its peculiar physicochemical properties [1-4].
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More recently, 2D layered transition metal dichalcogenides (TMDs) such as molybdenum disulfide
(MoS,) layered sheets are receiving considerable interest and their applications in catalysis is critically
acclaimed [5-8]. However, MoS; has poor intrinsic conductivity and the sheets tend to aggregation [9-
12]. Functionalization of MoS, with carbonaceous nanomaterials such as GNS is one of the efficient
approaches in order to solve these problems, because GNS is excellent templating materials to prepare
hybrid nanostructures [13-16]. More recently, Geim et al., mentioned the importance of VVan der Waals
heterostructures derived from GNS and MoS; in various applications [17]. Recent review paper
summarized the various synthetical methods developed for GNS/MoS; hybrids and its applications in
diverse areas [18]. MoS,-GNS composites based electrochemical sensing methods are developed for
the determination of human parathyroid hormone [19], NO, [20], acetaminophen [21], dopamine and
uric acid [22], thrombin [23], oxygen reduction reaction [24] and hydrogen peroxide [25]. Studies
indicated that the electrochemical sensing performance of the MoS, sheets can be significantly
improved by the incorporation of metal nanoparticles [23, 26-28]. Herein, we have prepared gold
nanoparticles (AuNPs) decorated GNS-MoS, composite via hydrothermal method and demonstrated
its electrochemical sensing application to folic acid. First, graphene oxide (GO) was prepared and
used as templates for the preparation of graphene/MoS,. Here, the negatively charged surfaces of
graphene oxide (GO) are electrostatically interacts with positively charged precursor of molybdenum
[23, 29]. The following hydrothermal reaction led to the formation of MoS; flowers and simultaneous
reduction of GO into GNS. The resulting nanostructure possesses good electrochemical attributes and
excellent electrocatalytic ability to folic acid.

Folic acid (FA) (is a B-group vitamin which has a major role in biological functions of cell
metabolism like DNA replication, repair and methylation, synthesis of nucleotides, vitamins, amino
acids etc [30-32]. Its deficiency in our body will leads to several disorders including increased risk of
colorectal cancer, neural tube defects, hypomethylation and it potentially induces proto-oncogene
expression leading to cancer [33-35]. FA is available as supplements and it is to determine the amount
of FA present in food and pharmaceutical. Several chemically modified electrodes are reported for the
electrochemical determination of FA [30, 36-38]. In the present work, we have developed GNS—
MoS,-AuNPs ternary composite as suitable modifier on the screen printed carbon electrode for the
sensitive and low-cost determination of FA.

2. EXPERIMENTAL

2.1 Chemicals and Apparatus

Graphite (powder, <20 pum), sodium molybdate dihydrate, KAuCl,-3H,0 and all other reagents
were acquired from Sigma-Aldrich. All other reagents used in this work were of analytical grade and
used without additional purification. 0.1 M phosphate buffer (sodium dihydrogen phosphate and
disodium hydrogen phosphate), pH 7 is employed as supporting electrolyte in electrochemical
experiments.

Electrochemical studies were carried out in a three electrode cell using modified screen printed
carbon electrode (SPCE) as a working electrode, saturated Ag|AgCl as a reference electrode and Pt
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wire as a counter electrode. The SPCEs were purchased from Zensor R&D Co., Ltd., Taipei, Taiwan.
The electrochemical measurements were performed by CHI 1205a electrochemical work station (CH
Instruments, Inc., U.S.A). Prior to each electrochemical experiment, the supporting electrolytes were
deoxygenated with N, for 10 min unless otherwise specified. Scanning electron microscopy (SEM)
images were acquired using Hitachi S-3000 H scanning electron microscope Energy-dispersive X-ray
spectral analysis (EDX) were acquired using Horiba Emax x-act (sensor + 24 V=16 W). The
electrochemical impedance spectroscopy analyses (EIS) were performed using EIM6ex Zahner
(Kronach, Germany).

2.2 Preparation of GNS/MoS; hybrid

Graphite oxide was prepared from graphite by following our previously published procedures
and it was exfoliated to aqueous solution of graphene oxide (GO) (1 mg mL™) through ultrasonication
for 1 h [39, 40]. Then, 100 mg Na;Mo0O4.2H,O and 170 mg thiourea were added and the whole
solution was stirred using magnetic stirrer for 20 min [16, 41]. Afterwards, the solution was transferred
into a Teflon-lined autoclave and heated to 200°C and maintained this temperature for one day. The
black sediment was centrifuged, washed with copious amounts of water and ethanol successively and
dried.

2.2 GNS-MoS,—-AuNPs ternary composite film modified electrode

The GNS-MoS; hybrid (0.5 mg mL™) was redispersed in water/ethanol mixture (40/60%) via
ultrasonic agitation for 20 min. About 5 pL dispersion of GNS-MoS, was drop-casted on the SPCE
surface and dried. Then, the GNS—-MoS; film modified SPCE was transferred to an electrochemical
cell containing 0.1 M NaNO3 aqueous solution and 0.5 mM KAuCl,. AuNPs were deposited through
cyclic voltammetric cycling of 6 cycles. The potential range was from 0 V to + 0.9 V. The applied scan
rate was 0.05 V s [42]. Finally, the modified electrode was smoothly washed with water and dried.

3. RESULTS AND DISCUSSIONS

3.1 Characterization of GNS—-MoS,—AuNPs ternary composite

The SEM image of GNS—MoS; hybrid portrays densely grown sheet like morphology consists
of hybrid layers of GNS and MoS; sheets (Figure 1A) which is consistent with previous reports [14,
43] . The SEM image of GNS—-MoS,~AuNPs composite displays the uniformly decorated AuNPs on
the GNS-Mo0S2 hybrid surface [44]. The particle sizes ranges in 10-50 nm (Figure 1B). The EDX
spectrum of GNS-MoS; hybrid reveals the presence of C, Mo, and S as the main components and
residual quantity of O (Figure 2A). The weight percentages of C, O, Mo and S atoms are 49.89, 9.35,
18.98 and 22.77. The EDX spectrum of GNS/MoS,/AuNPs reveals the presence of C, Mo, S and Au as
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the main components and residual quantity of O (Figure 2B). The weight percentages of C, O, Mo, S
and Au atoms are 42.33, 6.97, 13.18, 18.07 and 19.45.
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Figure 2. EDX spectra of GNS-MoS; (A) and GNS-MoS,-AuNPs composite (B)
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Figure 3. EIS curves of unmodified SPCE (a) MoS,/SPCE (b), GNS-MoS,/SPCE (c) and GNS-
MoS,~AuNPs/SPCE (d) in 0.1 M KCI containing 5 mM Fe(CN)s*>’*. Amplitude: 5 mV,
Frequency: 0.1 Hz to 100 kHz.
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EIS analysis has been carried out to study the electrical and interfacial properties of the
fabricated films modified electrodes [40, 45]. Figure 3 displays the EIS curves obtained at SPCE (a)
MoS,/SPCE (b), GNS-Mo0S,/SPCE (c) and GNS-MoS,-AuNPs/SPCE (d) in 0.1 M KCI containing 5
mM Fe(CN)¢> . Randles equivalent circuit model was adopted to fit the experimental data wherein,
Rs, Ret, Cqi and Z,, are stands for electrolyte resistance, charge transfer resistance, double layer
capacitance and Warburg impedance (inset to Figure 3). The results were exemplified as Nyquist plots.
The observed semicircles portions of the EIS curves indicates the parallel combination of R; and Cy at
electrode surface resulting from electrode impedance and the linear portions of the curves represents
diffusion limited process. The charge transfer resistance (R.) values obtained at unmodified SPCE,
MoS,/SPCE, GNS-Mo0S,/SPCE and GNS-MoS,~AuNPs/SPCE are 1411.25 Q, 901.25 Q, 479.73 Q
and 97.42 Q, respectively. The R¢; values are in the following order; unmodified SPCE > MoS,/SPCE
> GNS—-Mo0S,/SPCE > GNS-MoS,—AuNPs/SPCE, respectively. Obviously, the R value obtained at
GNS-MoS,-AuNPs/SPCE is the lowest compared with control electrodes indicating lowest resistance
at this electrode interface. Thus, the EIS results revealed that the GNS—-MoS,~AuNPs composite
interface has high electrical conductivity.
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Figure 4. (A) Cyclic voltammograms obtained at unmodified SPCE (a) MoS,/SPCE (b), GNS-
MoS,/SPCE (c) and GNS-MoS,-AuNPs/SPCE (d) in phosphate buffer (pH 7.4) containing 2
uM FA. Scan rate = 50 mV s . (B) Cyclic voltammograms obtained at GNS-MoS,—
AUNPS/SPCE towards different concentrations of FA (a to h; each 1 uM addition). (C)
current/uM vs. [Folic acid]/pA.

3.2 Electrocatalysis of folic acid at GNS—-MoS,—-AuNPs/SPCE

Figure 4A displays the cyclic voltammograms (CVs) obtained at unmodified SPCE (a)
MoS,/SPCE (b), GNS-Mo0S,/SPCE (c) and GNS-MoS,~-AuNPs/SPCE in phosphate buffer containing
2 uM UA. The unmodified GCE shows poor electrocatalytic ability to oxidize FA. Comparatively, the
MoS,/SPCE and GNS-MoS,/SPCE electrodes delivered sharp oxidation peaks for FA; however, the
peak currents are lower and the oxidation potential is observed at high positive potential region which
encounters high overpotential. Interestingly, GNS-MoS,-AuNPs/SPCE has shown sharp oxidation
peak with large peak currents at lower oxidation potential. The peak potential was + 0.62 V, while its
onset potential was observed at + 0.50 V which is significantly lower than the previously reported
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modified electrodes for FA oxidation [46-48]. Thus, GNS—-MoS,~AuNPs/SPCE nanocomposite
provides better catalytic platform to FA, as a result the reaction is significantly accelerated which is
evident from the great shift in overpotential. The strong synergic effect between the GNS, MoS, and
AUNPs is greatly contributed to the higher electrocatalytic ability of the composite over individual
components [27, 49]. The synergic combination of conductivity, surface area and catalytic ability of
these materials can be highly beneficial for electrocatalytic applications.

Figure 4B displays the voltammograms obtained at GNS—-MoS,~AuNPs/SPCE in presence of
different concentrations of FA. The catalytic current increases linearly as the concentration of FA
increases which revealing efficient electrocatalysis without electrode fouling. The plot between
oxidation peak current and concentration of FA exhibits good linearity (Figure 4C). Next, the influence
of different scan rates (v) to the oxidation of FA at GNS—Mo0S,—AuNPs/SPCE is investigated (Fig.
5A). The anodic peak current linearly as the scan rate increases. The plot between peak current and
square root of scan rates exhibits good linearity indicating diffusion controlled process (Figure 5B) and
this result is consistent with previously reported FA sensors [30, 34]
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Figure 5. Effect of the scan rate: Cyclic voltammograms of GNS—MoS,-AuNPs/SPCE towards 2 uM
FA at different scan rates from 0.01 to 0.1 mV s™". (B) Plot of current vs. (scan rate)?
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Figure 6. Amperometric response of GNS—-MoS,—AuNPs/SPCE upon each addition of 0.5 uM (a), 10
uM (b) 20 uM (c) and 40 uM (d) and 70 uM FA into continuously stirred phosphate buffer
(pH 7.4). Eqpp=+0.60 V
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3.3 Amperometric determination FA

Fig. 6A displays the amperometric responses obtained at GNS—-MoS,-AuNPs/SPCE for
sequential additions of FA. The applied potential was + 0.60 V. For each addition, a prompt and
sensitive rise in the amperometric current is observed in the amperogram. Besides, the response current
has reached 95% of steady-state current within 5s of FA injection indicating fast response time. The
concentration dependent linear plot displayed good linearity (Fig. 5B). The working concentration
range was linear from 50 nM—1150 pM with sensitivity of 0.8753 pAuM " cm 2. The limit of detection
(LOD) was calculated as 38.5 nM. The LOD was calculated using the formula, LOD= 3 sp/S where, s,
is the standard deviation of ten blank measurements and S is the sensitivity [50, 51]. The wide linear
range, high sensitivity and low detection limit reveals the excellent sensor performance of the
developed modified electrode. In addition, we have compared the sensor parameters such as LOD,
sensitivity and linear range with previously reported modified electrodes (Table 1) [32, 35, 36, 45, 51—
54]. As seen from the table, the GNS—MoS,—AuNPs film has either superior or comparable sensor
performance with previous reports. The excellent sensor performance is due to the synergic effect
between GNS, MoS;, and AuNPs. Moreover, we have adopted SPCE technology to prepare working
electrode which has additional advantages since SPCE electrodes are cheaper and reproducible [52-
54].

Table 1. Comparison of analytical parameters for the determination of FA at GNS-MoS,-AuNPs film
modified electrode with reported works

Electrode Linear range/uM LOD/nM Ref.

methylene blue/Reduced graphene oxide 4-167 0.5 [33]

Pretreated boron-polycrystalline diamond 0.1-167 30 [36]

MoS,/reduced graphene oxide 0.01-100 10 [37]

Porous silicon nanoparticles 1-1000 800 [46]

AuUNPs modified gold electrode 0.01-1 7.5 [55]

Fe;0,4 nanoparticles 0.065-98 2 [56]

Ferrocenedicarboxylic acid/MWCNTSs 4.6-152 1100 [57]

Hemoglobin/silica-coated magnetic nanoparticles 1-369 18 [58]
GNS-MoS,-AuNPs/ 0.05-1150 38.5 This work

3.4 Stability, repeatability and reproducibility

The stability of the fabricated electrode GNS—MoS,~AuNPs/SPCE is tested by monitoring its
sensing response to FA (0.1 uM) every day. During two weeks of continuous storage, the catalytic
current slightly decreased in first two days and then attained a stable current. About 92.53% of the
initial response current was retained after one month continuous use reveals good storage stability. The
modified electrode exhibits appreciable repeatability with RSD of 3.52% for 5 repetitive
measurements. Moreover, it exhibits good reproducibility with RSD of 3.16% for the five independent
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measurements performed in five different modified SPCEs. Thus, the fabricated modified electrode
displays good stability, repeatability and reproducibility and comparable to previous reports [30, 34].

3.5 Real sample analysis

Practical applicability of the GNS-MoS,-AuNPs/SPCE for the determination of FA is verified
in human urine sample. First human urine sample was collected from a healthy person and the sample
was diluted with phosphate buffer (pH 7) in 1:50 ratio. 100 nM and 200 nM of FA are spiked and used
to perform amperometry experiment. The added, found and recovery values are presented in Table 2.
The recovery values are 97.16 to 98.55 % which is in satisfactory range to be used in real time
applications [59]. Thus the developed sensor has great potential in practical applications.

Table 2. Determination of FA in spiked human urine sample using GNS—-MoS,—AuNPs/SPCE

Urine sample | Added/uM | Found/uM | Recovery/% | RSD*/%
EA 100 96.8 96.8 3.75
200 196.1 98.0 4.50

" Relative Standard Deviation (RSD) of three individual measurements

4. CONCLUSIONS

In summary, a novel composite GNS-MoS,~AuNPs was successfully prepared and the
composite modified SPCE is more suitable for the determination of FA. The structure of the GNS—
MoS,-AuNPs was confirmed through SEM, EDX, EIS and electrochemical techniques. The synergic
combination of GNS, MoS; and AuNPs greatly enhances the electrocatalysis and improved the overall
sensor performance. The modified electrode has excellent sensor performance with wide linear range
(50 NnM—1150 pM), high sensitivity (0.8753 pApM ™ cm2) and low detection limit (38.5 nM). The
other advantages of the electrode are its reproducibility, sensitivity, selectivity, stability, repeatability,
fast response time and low-cost fabrication. The advantages of SPCE technology in combination with
excellent electrocatalytic attributes of GNS—-MoS,—AuNPs make this method highly suitable for FA
sensor applications.
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